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Few researchers would dispute that the pandemic of obesity is caused by a profound mismatch between humanity's present environmental circumstances and those that have moulded evolutionary selection. This concept was first articulated when gestational diabetes was described as being the result of a 'thrifty genotype rendered detrimental by progress'. More recently, this hypothesis has been extended to the concept of a 'thrifty phenotype' to describe the metabolic adaptations adopted as a survival strategy by a malnourished fetus; changes that may also be inappropriate to deal with a later life of affluence. Both the thrifty genotype and the thrifty phenotype hypotheses would predict that populations in some areas of the developing world would be at greater risk of obesity and its co-morbidities; a proposition to be explored in the present paper. To date thrifty genes remain little more than a nebulous concept propagated by the intuitive logic that man has been selected to survive episodic famine and seasonal hungry periods. Under such conditions those individuals who could lay down extra energy stores and use them most efficiently would have a survival advantage. The search for candidate thrifty genes needs to cover every aspect of human energy balance from food-seeking behaviour to the coupling efficiency of oxidative phosphorylation. The present paper will describe examples of attempts to find thrifty genes in three selected candidate areas: maternally-transmitted mitochondrial genes; the uncoupling proteins; apoE4, whose geographical distribution has been linked to a possible thrifty role in lipoprotein and cholesterol metabolism.
Obesity: Thrifty genes: Mitochondrial genes: Uncoupling protein: ApoE
The obesity epidemics of many affluent nations have recently started to coalesce and to engulf many lessaffluent countries. Quite remarkably, it is even penetrating the world's poorest countries in their urban areas (van der Sande et al. 2001) , as well as the rural areas of countries a little more advanced along the epidemiological transition. The very high levels of obesity in some of the leastprivileged peoples, in whom circumstance has encouraged a rapid acculturation of diets and lifestyle (e.g. the Pima Indians of Arizona and Nauruan Polynesians), have generated seminal studies of obesity and diabetes over recent decades, and have illustrated the investigative power of studying rapid cultural and behavioural transitions (Bindon & Baker, 1997; Zimmet et al. 1997) . The purpose of the present review is to try to extend these specific examples to a more general interpretation of lessons that might be learnt by considering the early development of the obesity trend within populations assumed to have been adapted to frugal environments until the very recent past. Special attention will be given to the twin concepts of the 'thrifty phenotype' and 'thrifty genotype'.
Thrifty phenotypes
The thrifty phenotype concept, of an adaptively growthrestricted organism, has existed for many decades but has been most clearly articulated by Hales & Barker (1992 , who also coined the term 'thrifty phenotype'. The concept has been described in some detail in another paper in this symposium (Stocker et al. 2005) , so current comments will be restricted to a few specific observations in relation to the developing country setting.
It is in such countries that the majority of growthrestricted (or small-for-gestational-age) babies are born. The currently-accepted thesis is that this early growth restriction will represent a successful adaptation (although not being without costs) so long as the nutritional circumstances in later life continue to match those that have induced the initial adaptation. Hence, it has been shown in The Gambia that small babies, including those born during a nutritionally-debilitating hungry season, maintain excellent cardiovascular health into adulthood, with a complete absence of the metabolic syndrome, so long as they retain their 'lean, fit and frugal' lifestyle in the rural areas (Moore et al. 2001) . In practice, however, this lifestyle is frequently not retained and many individuals who have experienced fetal and early-life nutritional hardships transfer to the urban areas and to a diet of relative energy excess with high intakes of fats and refined carbohydrates (Popkin, 2001 (Popkin, , 2002 Adair & Prentice, 2004) . It is this rapid transition within a single lifespan that is implicated by many researchers as a crucial causative agent in the explosion of non-communicable diseases in many such urban areas.
Fetal growth restriction in developing countries has multifactorial origins, but attempts to quantify the contribution attributable to each cause indicate that undernutrition is likely to be the most important single factor (Kramer, 1987 (Kramer, , 2003 . Both acute and chronic exposures can be critical, although it seems likely that acute energy or nutrient insufficiency has to be quite harsh before it has reproducibly demonstrable effects on the baby (Susser, 1991) . Chronic food shortages have their effect by creating a small mother, which imposes 'maternal uterine constraint' on the fetus probably mediated through a complex interplay between insulin-like growth factors and their binding proteins (Kelsey et al. 1999) . These constraints attempt to ensure that the fetus does not outgrow the mother's capacity to carry it safely to term and to deliver it naturally. Such growth-restricted babies may be 'small but perfectly formed', and it is incorrect to assume that they necessarily carry the same perinatal risks as a lowbirth-weight baby of a much larger mother (Wilcox, 2001; Melve & Skjaerven, 2003) . They may be thought of as having a harmonious growth well adapted for their uterine environment. Since the uterine environment is itself a reflection of the historic dietary conditions of the family, the baby can be viewed as well adapted to its recent history, and hence to its best available prediction of likely future circumstances.
Problems arise when this harmony of growth is disrupted. The best documented evidence of this disharmony comes from collaborative studies between Ranjan Yajnik and colleagues in Pune, India and Caroline Fall and colleagues in Southampton, UK (Bavdekar et al. 1999; Yajnik, 2000; Yajnik et al. 2002a,b) . They have demonstrated a phenomenon that Yajnik (Yajnik et al. 2002a,b) describes as the 'thin-fat' baby syndrome (Prentice, 2003) . The Indian mothers are small but carry a disproportionately high level of abdominal fat. Comparison between the Indian and Southampton babies reflects a similar picture, with the Indian babies being much smaller than their UK counterparts in all dimensions except triceps and especially subscapular skinfolds, suggesting that they are relatively fat. Raised glucose and insulin levels are already present in the cord blood of the Indian babies (Yajnik et al. 2002b) and studies later in childhood also reveal early evidence of insulin resistance (Bavdekar et al. 1999; Yajnik, 2000) . There are several possible interpretations of these data, including the possibility that the relative fatness of the small Indian mothers has induced an altered 'disharmonious' pattern of tissue deposition in the fetus that already carries detectable metabolic penalties.
Postnatal influences have so far attracted less interest in the developmental origins of health and adult disease field than prenatal influences. However, they are now beginning to receive much greater attention, in view of the demonstrations that it may be the accelerated catch-up growth of some small babies that is most strongly correlated with later ill-health outcomes (Lucas et al. 1999; Forsén et al. 2000) . In the developing world deviations in postnatal growth all tend to be in the downwards direction and, by analogy with the speculations about impaired fetal growth, might also create a disadapted phenotype if such children grow up into conditions of nutrient surfeit. Using data from rural Gambians it has again been demonstrated that there is an absence of any important risk factors for CVD or diabetes in adults who were malnourished as children but still live their traditional frugal rural lifestyle (Moore et al. 2001) . This finding holds true even in the lowest quartile of childhood nutritional status, for which the mean weight-for-age Zscore is worse than -3 . 3. Such findings do not necessarily challenge the developmental origins of health and adult disease thesis, but do emphasise the need for datasets in which early malnutrition has been followed by later affluence as part of a rapid demographic transition. Until such data are obtained, much of the current prediction that rapidly-developing nations will bear the brunt of the developmental origins of health and adult disease thesis remains speculative. Neel (1962) at the University of Minnesota (Minneapolis, MN, USA) coined the term 'thrifty genotype' in a paper entitled: Diabetes mellitus: a 'thrifty' genotype rendered detrimental by 'progress'. This phrase has become one of those that are sufficiently catchy and self-explanatory to have entered the lexicon and achieved wide currency in both lay and scientific writing. In doing so it has gathered a cloak of misuse that hampers constructive discussion of its possible relevance in understanding the current susceptibility to obesity. An attempt will be made to deconstruct some of this casual usage in order to try and define it better as a theoretical construct. In attempting to do so it is recognised that it may be deprived of one of its major attributes, i.e. a flexibility that has been part of its usefulness.
Thrifty genotypes

Generalisability of the thrifty genotype concept
The disciples of the original thesis of Neel (1962) have frequently argued that it could explain the very high prevalence of obesity and diabetes within some isolated populations, particularly on Polynesian islands (West, 1974; Joffe & Zimmet, 1998) . It is argued that the highly-susceptible islanders are the descendants of a few founders who had been selected as the survivors of a long sea crossing in which their less-thrifty shipmates died of hunger. Such a view has been widely held by Western scientists, but refuted as ethnographically inaccurate by Polynesian historians who claim that their forebears were masters of the sea and able to travel indefinitely by catching rainwater and eating fish and turtles (Prentice, 2001) .
The issue can be taken a step further and it can be argued that, irrespective of the validity or otherwise of the founder-effect theory in populations with very high susceptibility to diabetes, the metabolic legacy of mankind's struggles against starvation has imparted a much wider influence on the human genome.
Paradoxically, it was the dawn of agriculture that heralded episodes of mass starvation (Diamond, 1993; Prentice, 2001) . It is believed that before this time the hunter-gatherer forbears of man avoided starvation by exploiting a highly-varied diet, living in small sustainable groups and being prepared to move to new hunting grounds when the need arose. They undoubtedly would have experienced hunger between successful kills, but would have very rarely been exposed to prolonged starvation. Agriculture, on the other hand, fuelled population growth and diminished dietary diversity (McCance, 1975; Fagan, 2000) . This situation is sustainable as long as climatic conditions remain stable (and in the absence of warfare) but is highly vulnerable to even a single year's poor rain, a single night of unseasonable frost or a crop pest or infection such as potato blight.
A selection of the mass of historical evidence that records the influence of widespread catastrophic famine on the human race has been documented in greater detail elsewhere (Prentice, 2001) . These records document extreme privation, with frequent references to cannibalism (especially of children) as a means of survival. Some of the earliest and best-known references are the following:
'I am mourning on my high throne for the vast misfortune, because the Nile flood in my time has not come for seven years! Light is the grain; there is a lack of crops and of all kinds of food. Each man has become a thief to his neighbour. They desire to hasten and cannot walk. . . The counsel of the great ones in the court is but emptiness. Torn open are the chests of provisions, but instead of contents there is air. Everything is exhausted' The Stella of Famine; chiselled into Egyptian rock in the time of Tcheser about 2000BC 'All of Upper Egypt was dying of hunger, to such a degree that everyone had come to eating his children . . .the entire country had become like a starved grasshopper. . .' The Sepulchers of Ankhtifi 2180-60BC 'If there be a cutting down of the food offerings of the gods, then a million men perish among mortals, covetousness is practiced, the entire land is in a fury, and great and small are on the execution block' Middle Kingdom Hymn to the Nile 'And there was famine in the land: And Abram went down into Egypt to sojourn there: For the famine was grievous in all the land' Abram's journey into Egypt; Genesis 12 '. . .in the city we are exchanging our children and eating them. . .' China 594BC, The Siege of the Chong Capital 'One could scarcely see the water in the Vistasa, entirely covered as the river was with corpses soaked and swollen by the water in which they had long been lying. The land became densely covered with bones in all directions until it was like one great burial ground, causing terror to all beings' Kashmir in the years 917-8AD as related in Kalhana's 'Rajatarangini' 'Parents killed their children and children killed parents, and the bodies of executed criminals were eagerly snatched from the gallows' Contemporary report from Flanders at the beginning of the Great Famine 1319 'The region has been visited by the exterminating angel. Every scourge has been unloosed. Everywhere I have found men dead of cold and hunger' Mirabeau's report from a visit to Provence immediately before the French Revolution
For greater detail about the effects of starvation the reader is referred to Prentice (2001) or to the two-volume work The Biology of Human Starvation (Keys et al. 1950) . Excellent summaries of individual famines are also available (for example, see Jordan, 1996) . Only the salient points will be considered here, namely: (a) there is widespread evidence that starvation and famines must have exerted a strong selection effect on the human genome. This effect on the genome would have occurred through suppression of fertility as well as actual mortality; (b) these famines should not be viewed as something happening only in far-off places or in far-off times. Keys et al. (1950) estimate that there have been >190 documented famines in Britain alone over the past 2000 years; (c) that whilst in many respects the human genome has remained very stable over the evolutionarily-trivial time of 12 000 years, since the dawn of agriculture, it is contended that the approximately 600 generations during this time will have been sufficient to permit considerable selection of 'thrifty genes', especially if mediated through effects on reproduction (as will be argued later). In summary, in concurrence with Darwin (1989) famine should be placed among the three major drivers of natural selection. In the concluding remarks to The Origin of Species Darwin (1989; originally published in 1859) notes that 'The evolution of higher animals directly follows . . . from the war of nature, from famine and death . . .'.
Having established that there is ample evidence that natural selection could have favoured the selection of thrifty genes, the next task is to deconstruct the concept in an attempt to define it more precisely. The first stage in this process is to address a logical corollary of 'thrifty genes' that at first sight seems surprising, i.e. that to believe in thrifty genes is to accept that the natural state of affairs is unthrifty; why might this situation exist?
Belief in 'thrifty genes' implies that the normal state is unthrifty
It is unlikely that evolution has left man in a physiologically-unthrifty state through simple carelessness. Instead, it is much more likely that there is a series of reasons for energetic profligacy, the advantages of which outweigh their energy costs. Some possible candidates are listed in Table 1 ; there are no doubt many more candidates. The fructose-1,6-biphosphatase-phosphofructokinase shuttle is the most famous example of a so-called 'futile cycle' in which substrate is utilised without a net gain in ATP. The favoured teleological explanation for this apparently 'futile' cycle is that it enhances metabolic control enabling substrate to be rapidly provided, since one side of a rapidly-shuttling cycle can be shut down (hence diverting substrate) much more rapidly than the other side could be started up. Similar lines of argument are used to explain why the extrahepatic extra-adipocyte fatty acid cycle circulates much more substrate than is required (Wolfe et al. 1990) , and to explain the high rates of muscle glutamine cycling (Parry-Billings & Newsholme, 1991; Newsholme, 1994) .
Substrate usage for thermoregulatory thermogenesis is an obvious reason to maintain an unthrifty state in small and cold-adapted animals, but is probably of limited importance in man.
The need to quench oxidant stress, especially in the mitochondria, may also require a profligate use of reduced substrates. Brand and colleagues (Brand, 2000) have shown that all mammalian organisms so far studied appear to have a high rate of proton leakage across the mitochondrial inner membrane. In his 'uncoupling to survive' hypothesis Brand (2000) argues that this 'inefficiency' is necessary to counteract the high levels of reactive oxygen species generated during normal mitochondrial metabolism.
Another well-known reason that an organism might need to intentionally burn off energy is in order to concentrate diets with inadequate levels of protein or micronutrients.
This possibility was demonstrated many decades ago by McCance and colleagues (Widdowson & McCance, 1974) , and more recently Dulloo (Dulloo & Jacquet, 2001 ) has re-presented some of Stock's early data to suggest that the protein level of the diet is also a key mediator of adaptive thermogenesis in man.
Behavioural unthriftiness can also be added to the metabolic unthriftiness listed in Table 1 . The young of most species expend high levels of energy in apparentlyunnecessary play, but this activity almost certainly has a vital role in the development of their motor and cognitive skills. In summary, it is possible to construct many arguments to explain why the normal physiological state would utilise an extent of unthriftiness. Such traits will presumably have been selected for in natural selection's pursuit of optimum performance. Thus, thrifty genes will only have been selected if there is a more powerful selective force at play, i.e. famine.
The multiple possible forms of thrift
One of the problems of using the 'thrifty gene' concept is that most individuals associate it with a metabolic trait related to a frugal utilisation of fuel, which indeed was Neel's (1962) first intention. However, the phrase could equally well encapsulate broader traits, including behavioural ones that would favour survival during famine and hence could become selected in the genome. A selection of possibilities is listed in Table 2 . It should be noted that these examples could operate on the intake side of the energy balance equation, although such genes, for which there is considerable evidence (Snyder et al. 2004 ), might best be termed 'greedy genes'. Other researchers believe that genes operative on the expenditure side of the equation may operate through an effect on individuals' propensity for physical activity (Chakravarthy & Booth, 2004) .
Having emphasised this important point about the likely pleiotropy of thrifty genes the remainder of the present paper will concentrate on the possible metabolic aspects.
Characteristics predicted for a thrifty gene
A good candidate as a thrifty gene should exhibit two important features. The first is plasticity in response to environmental circumstances. A gene that is highly thrifty and always in its switched-on mode would presumably lead to gross obesity. While the extra fat stores would aid survival through famine they would, at extreme levels, impair reproductive performance in both males and females. The second feature that would be expected is evidence of 'signatures of selection' such as striking geographical distribution. Table 3 lists some of the possible sites and functions from which an organism might withhold energy when times are harsh. The tightening up of efficiency in these areas might be only a temporary phenomenon (e.g. in limiting resources allocated to cognate cell-mediated immunity). In making such savings the organism would essentially be taking a gamble that it could weather the current famine and survive to continue to reproduce when the environmental conditions improved. Within the areas listed in Table 3 several authors (for example, see Auwerx, 1999; Corbo & Scacchi, 1999; Ong & Dunger, 2000; Kimm et al. 2002) have made claims for specific 'thrifty genes'. Some of these claims are misleading, and hence extremely unhelpful, since they apply the concept in an imprecise manner. For instance, it has been stated that '. . .PPARg was shown to have a key role in adipogenesis and be a master controller of the 'thrifty gene response' leading to efficient energy storage.' (Auwerx, 1999) , but no evidence is provided to suggest that PPARg has been selected for thrift or exhibits any of the defining characteristics set out earlier. Hence, emphasis will be given to several candidates with more specific, albeit very early, evidence that they may make good candidates for thrifty genes. Neel's (1962) original ideas focused on the possibility that alterations in the insulin signalling pathway could modulate fuel channelling between utilization and storage, and hence provide a likely mechanism for rapid fuel deposition in times of plenty. (This general idea also underlies the Hales & Barker (1992 ) thrifty phenotype concept.) The entirety of the insulin signalling pathways are complex and contain many possible candidate genes, although to date none has been reliably pin-pointed as such.
Possible candidates for metabolic thrifty genes
Genes regulating fuel channelling
An interesting candidate that is currently being investigating in our Gambian studies is the insulin variable number of tandem repeats (INS-VNTR) microsatellite (Bell et al. 1984) . This gene lies on the promoter region of the insulin gene and is upstream of the gene encoding insulin-like growth factor 2. In non-African populations there are only three main lineages (classes I, II and III), based on the number of repeat motifs, and class I predominates (Stead et al. 2003) . Associations have been reported with both type 1 and type 2 diabetes (Bell et al. 1984; Bennett et al. 1995; Ong et al. 1999) . In contrast, African populations possess at least twenty-one different variants, with class III predominating (Stead et al. 2003) .
The INS-VNTR class III variant has been associated with higher birth weight (Dunger et al. 1998; Lindsay et al. 2003) , although recent reports have failed to replicate this finding (Bennett et al. 2004; Mitchell et al. 2004) , and faster postnatal growth (Ong et al. 2004a ). It will be argued that genes regulating fetal growth and survival may be particularly central to lineage survival in the face of famine, and that INS-VNTR may be a good candidate.
Mitochondrial genes
Oxidative phosphorylation within the mitochondrion does not achieve 100 % conversion of the potential energy of fuel into ATP, because of uncoupling of the electrontransport chain and the leakage of electrons. The extent of mitochondrial coupling, and any genes that might affect it, probably therefore represent a fertile hunting ground for thrifty genes. There is evidence for striking geographical variation in some mitochondrial genes (Ruiz-Pesini et al. 2004) , although the current interpretation is that the variations have been driven by the need for unthriftiness in order to drive thermogenesis and allow the carriers to colonise more northerly latitudes.
In a paper entitled: Effects of purifying and adaptive selection on regional variation in human mitochondrial DNA, Wallace and his team (Ruiz-Pesini et al. 2004 ) have used phylogenetic analysis of global human mitochondrial DNA to show that mitochondrial DNA lineages from higher latitudes are most highly conserved. These variations correlate with energy deficiency diseases and longevity. The authors conclude that 'Specific mtDNA replacement mutations permitted our ancestors to adapt to more northern climates, and these same variants are affecting our health today' (Ruiz-Pesini et al. 2004) . It has further been speculated that the development of these high-energy-requiring unthrifty variants may have driven the appetite for, and development of, high-fat diets.
This example is the best one so far of the sort of genetic detective work that will be necessary to ultimately validate or refute Neel's (1962) hypothesis. The fact that it has apparently identified unthrifty genes rather than thrifty genes does not detract from the principle that analogous thrifty variants may ultimately be identified, and that the mitochondrion is a likely target, whether through mitochondrial or nuclear DNA variation.
The uncoupling proteins 2 and 3
The original mitochondrial uncoupling protein from brown adipose tissue, uncoupling protein (UCP)1, is generally thought to be of limited importance in man beyond the very early neonatal stage (Dalgaard & Pedersen, 2001; Dulloo & Samec, 2001; Argiles et al. 2002) . The more recent discovery of its homologues UCP2 and UCP3, which are expressed more widely including in adipose tissue and muscle, initially created great interest as possible 'obesity genes' (and by inference thrifty genes) (Dulloo & Samec, 2001) . Subsequent research, however, has yielded a confused picture, which is summarised briefly in Table 4 . Certain observations of the phenotypic behaviour, for instance that UCP3 is up regulated not down regulated by fasting, imply that these UCP are not a straightforward component of the energy regulatory apparatus as had first been anticipated (Dulloo & Samec, 2001 ). Instead, they may have more esoteric roles such as the quenching of oxidant stress. These latest insights may argue against their candidacy as thrifty genes.
Notwithstanding this argument, there has been interest in the possibility of identifying thrifty traits within the UCP, but little has emerged. Suggestive evidence has been obtained that a UCP3 exon 5 variant is associated with lower resting energy expenditure in African-American women (but not white women) and hence may be a thrifty allele. This evidence was, however, based on a small sample size and, judging by the history of such genetic observations, is unlikely to replicate in future studies (Kimm et al. 2002) . Currently, there appear to be no other similar claims.
ApoE
The global distribution of apoE4 (the variant associated with raised cardiovascular risk) shows a signature of selection of the type predicted for a good functional thrifty gene candidate (Table 5 ). ApoE2 is most common in the Mediterranean basin where agriculture is thought to have begun. ApoE4 (the ancestral lineage) is more common in pigmies, the Khoi San, Aboriginals, some Native Americans and Lapps, leading Corbo and colleagues (Corbo & Scacchi, 1999) to speculate that it could represent a more lipid-thrifty variant that is more efficient in sequestering cholesterol and has been better maintained in populations with a tenuous dietary supply. (This argument runs counter to the thesis that it is agricultural societies that are more susceptible to episodic famine; see also the 'famine' quotes concerning the Mediterranean basin listed earlier (see p. 155).)
Corbo (Corbo et al. 2004a,b) argues that the selection effect may be mediated through the fact that the apoE4 variant favours steroidogenesis and hence fertility. In support of this argument Corbo et al. (2004a) have shown in a random sample of post-menopausal women that carriers of apoE4 had more children than women with apoE2.
This conjecture in relation to reproductive efficiency leads to the final observation to be offered in relation to the search for thrifty genes; that it is highly likely that the best candidates will be associated in some way with reproductive efficiency (see p. 159). Before addressing this topic it is pertinent to comment on a recent hypothesis proposed to explain the differential diabetes susceptibility rates in European and non-European peoples.
The double puzzle of diabetes
In a recent essay Diamond (2003) has addressed the puzzle of why Europeans seem to have lower susceptibility to type 2 diabetes than other races, after allowing for differences in BMI. Some of the generic data cited are summarised in Table 6 . Diamond (2003) downplays the likely contribution of thrifty genes or thrifty phenotypes in the non-Europeans and instead suggests that peoples of European origin must have passed through previous times in which epidemics of diabetes have selected resistant individuals. This explanation would seem to be highly unlikely on the grounds that it is known that an epidemic of diabetes would have to be driven by an epidemic of obesity (and there are no previous records of such), and that in any case diabetes generally kills after the time of peak reproductive performance.
Famines and reproduction
Severe and extended energy depletion shuts down the reproductive axis in both genders of many (probably most) species, including man. The adults concentrate all available resources on their own survival in the hope that conditions will improve and allow them to recommence active reproduction in the future. Consequently, conception and birth rates fall precipitately during extreme famine, and these variations have been closely documented, using hospital records, in the Dutch Hunger Winter (Stein et al. 1975) and some of the Bengal famines (Sen, 1981; Maharatna, 1996) . The fact that this effect is specific to famine, rather than a side-effect of the general horror of the times, has been elegantly illustrated by an analysis of church registers of marriages, births and deaths in Keswick (northwest England) during the Tudor and Stuart famine of 1623 (Appelby, 1978) . The Tudor famine caused a 5-fold increase in mortality and a coincident 3-fold drop in conceptions (as judged by the number of christenings). An outbreak of plague that occurred just 23 years later caused a very similar increase in deaths, but no change in birth rate until a few years later. Any genetic trait that allows certain women to continue to reproduce in energy-depleted circumstances when others around them have stopped could be viewed as thrifty. The example of apoE4 given earlier could be one such gene. Fig. 1 illustrates how such genes could have been under continuous selection in addition to the episodic selection of catastrophic famines. It shows the very strong seasonal variation in birth rates in two populations exposed to seasonal agricultural patterns, in Bangladesh and The Gambia. The precise reason for this striking variation is not known with certainty. However, in The Gambia it is entirely consistent with the Frisch (1982) hypothesis of suppressed fertility during times of maternal energy depletion, since the lowest birth rate falls exactly 9 months after the time of greatest maternal weight loss during each year's hungry season. The implication is that there are some women who manage to conceive all year round, whilst others are constrained to the more energy-replete season of the year. Do these women have a thrifty trait? Does this trait result in greater overall fertility? These issues are currently under analysis.
There is an additional reason to believe that genes influencing reproduction and fetal well-being are likely candidates for selection by famine. This aspect is illustrated in Fig. 2 , which shows some available approximations for oocyte, embryo and fetal losses in normal human pregnancies. It shows the little-appreciated fact that the majority of natural selection of human genes probably occurs before birth. If this concept is valid, then genes favouring fetal survival will be under very strong selective pressure. This explanation would be consistent with some of the previous observations that metabolic plasticity is probably maximised during pregnancy (Prentice & Goldberg, 2000) .
In studies in progress in The Gambia it is speculated that the class III allele of INS-VNTR may be one such variant if it favours more rapid fetal growth. It is also speculated that it may be associated with the ability to conceive in the hungry season and hence may show different allelic frequencies according to month of birth. Evidence already exists that INS-VNTR may have an important role in modulating fetal survival because it is one of the first genes shown to display differential transmission. Eaves et al. (1999) have shown that the offspring of heterozygous class III/class I parents have a skewed ratio with 54% class I v. 46 % class III alleles. Such a marked transmission bias indicates a remarkably profound effect, which presumably must be offset by a reverse selection in postnatal life in order to explain the persistence of the class III variant. The class I allele is associated with higher insulin expression in the fetal pancreas (Vafiadis et al. 1996) and insulin-like growth factor 2 in the placenta (Paquette et al. 1998) , which may increase the chances of survival of the fetus (Eaves et al. 1999) . However, the class I allele has also been associated with low birth weight and increased androgen levels before puberty, which may increase risk for later adult disease (Ibanez et al. 2001; Ong et al. 2004a,b) . Table 7 lists some of the other candidate genes that are currently being investigated in relation to possible effects on fertility. 
Conclusions
The twin concepts of 'thrifty phenotype' and 'thrifty genotype' each have merit insofar as they are based on intuitively-attractive ideas that, in the broadest of terms, have plenty of support within biology. Each theory, however, currently lacks the level of precise evidential support that will be needed to transform them from hypothesis to accepted fact. In the continued search for such evidence, which may ultimately inform the understanding of individual variability in susceptibility to obesity and hence to refined therapeutic strategies, it is likely that research in the developing world will be most fruitful. In the present review an attempt has been made to suggest some guidelines to inform a more efficient search.
